


RF signal from the signal the reader is receiving. For tag-to-reader

communication, the tag simply modulates its antenna reflection co-

efficient by switching between two impedances that terminate the

tag antenna circuit [11], which effectively modulates the reflected

signal back to the reader. The active reader demodulates this signal

by employing IQ demodulation and active cancellation of the inter-

fering carrier signal. However, the large scale applications of RFID

systems have been mostly limited by the infrastructure cost of RFID

reader deployment.

Enabling tag-to-tag communication based on the backscattering

principle eliminates the need for RFID reader in the system. The

added complexity in the RF tag capable of the tag-to-tag communi-

cation lies on the receiving side. The receiving (Rx) tag has to be

able to resolve a low modulation index signal reflected by the trans-

mitting (Tx) tag. A conventional RFID tag is able to resolve a signal

from a transmitting RFID tag only on a distance that is a fraction of

a meter [4, 5]. With integrated signal amplification after envelope

detection on the RF tag, the range of tag-to-tag link is extended to a

few meters [7, 3]. RF tags can then form a network transforming a

conventional centralized system with an RFID reader to a distributed

system. The tag-to-tag network only requires the presence of an RF

signal in the environment. The RF signal can be either an ambient

signal from WiFi APs or TV towers, or can originate from a ded-

icated exciter device that emits continuous wave (CW) signal with

zero intelligence.

2.1. Tag-to-tag channel estimation

Techniques that are mostly used for activity recognition of a person

that does not carry or wear any device (device-free) rely on analysis

of wireless channels that ingrain information on reflections from a

person and other living beings and objects in the environment [16,

17, 18]. Passive RF tags cannot perform IQ demodulation in order to

estimate tag-to-tag channels due to their limited power budgets. Tags

have to rely on passive envelope demodulation that only obtains the

amplitude of the received signal.

To describe the proposed technique for estimation of tag-to-tag

channel, let us observe the following scenario with a dedicated ex-

citer and Tx and Rx tags, as shown in Fig. 2. For simplicity of the

derivation, we assume that the Tx tag switches between two states,

open circuit and reflection with phase φ. First, when the antenna cir-

cuit of the Tx tag is open, the Rx tag only receives the signal from

the exciter, i.e.,

vR1(t) = AE(t)e
j(ωt+θE(t))

, (1)

where vR1 is the signal received at the Rx tag in state 1. The sym-

bols AE and θE are the amplitude and the phase of the exciter-Rx

channel and are dependent on the reflections from the environment.

The impedance of the antenna circuit is then changed, such that the

Tx tag reflects the incident RF signal with a phase φ. The signal

received at the Rx tag combines the reflected signal from the Tx tag

and the direct path signal from exciter

vR2(t) = AE(t)e
j(ωt+θE(t)) +AB(t)e

j(ωt+θB(t)+φ)
, (2)

where AB is the amplitude of the backscatter and θB is the phase

of the exciter-Tx-Rx channel. The baseband signal obtained at the

Rx tag is the difference between the output of the envelope detector

in the two states. When the amplitude of the backscatter signal AB

is much smaller than the amplitude of the excitation signal AE , the

difference between the two amplitudes simplifies to

∆vR(t) = v
amp
R2 (t)− v

amp
R1 (t) (3)

≈ AB cos(φ+ θB(t)− θE(t)).
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Fig. 2: The direct and reflected signals in backscattering tag-to-tag

link scenario with a person present in the vicinity of the tags.

We define the backscatter channel phase as θBC(t) = θB(t)−θE(t).
To estimate the backscatter tag-to-tag channel, we have to esti-

mate the amplitude and phase AB and θBC(t). As the tags cannot

directly measure these channel parameters, we exploit that in

∆vR = AB cos(φ+ θBC), (4)

the phase φ is deterministic and set by the Tx tag. If the modulator

of the Tx tag varies the phase φ, one can obtain the amplitude and

phase of the backscatter signal according to

θBC =
π

2
− φ

∣

∣

∣

∆vR=0
, (5)

AB = ∆vR

∣

∣

∣

φ=−θBC

.

The modulator of the Tx tag can be designed to operate in a num-

ber of states, with a set of discrete phases φ1, φ2, . . . , φN , where

N is the number of total states at which the modulator of the Tx

tag backscatters. The discrete reflection phases φ1 to φN are chosen

to uniformly cover the range from 0 to π. The phase θBC is esti-

mated based on the value of φ that results in ∆vR being equal 0.

With discrete number of states, θBC is estimated from a weighted

interpolation of two phases adjacent to zero-crossing of ∆vR. The

amplitude AB is obtained by weighted interpolation of ∆vR,k be-

tween the same two phases, and the coefficients of this interpolation

will be the same as those used in the estimation of θBC . The number

of phases N depends on the required resolution of the estimation of

AB and θBC , the signal-to-noise ratio (SNR) of the received base-

band signal and the data rate of the tag-to-tag link.

3. RF ANALYTICS

Since the human body reflects wireless signals, any activity in the

vicinity of the tags alters the wireless channels around them in spe-

cific ways. Hence, by using the collated channel measurements from

all over the tag network, the system can infer a wealth of analytic in-

formation about the environment and its occupying objects and hu-

mans.

We cannot measure the dynamics of the exciter-Rx channel us-

ing the presented technique since we cannot control the phase of the

signal emmitted by the exciter. However, recording the changes in
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the excitation level AE provides valuable supplementary informa-

tion about this channel. Based on the described technique, we for-

mulate a measure for the backscatter channel referred to as backscat-

ter channel state information (BCSI). This consists of the following

three quantities: 1) backscatter channel phase θBC , 2) backscatter

amplitude AB , and 3) change in excitation amplitude between two

sampling intervals ∆AE . The BCSI vector recorded for a specific

activity in an environment will have similar signature to the same

activity performed in a different environment, as well as activity per-

formed by a different person [10].

The BCSI vector serves as a feature vector which forms the basis

of activity recognition. Once there is activity detected in the pres-

ence of two tags, the Tx tag enters a multi-phase probing (MPP)

backscatter, in which, in a single MPP cycle, it backscatters with dis-

crete reflection phase φ1 to φN . For each probing cycle, the Rx tag

computes the BCSI vector for that cycle, h(t). During the activity,

the BCSI vector is sampled, where the sampling rate is sufficiently

higher than the frequency/speed of the activities. The determination

of the sampling rate is also driven by the energy budget of the Rx

tag which limits the backscatter data rate and the number of discrete

reflection phases. The sampled BCSI vector carries the distinctive

signature of a specific event and is then used for classification.

4. THE INVARIANCE OF THE RF ANALYTICS

The use of the proposed BCSI measure for activity recognition with

similar analytics is particularly attractive since the performance of

such a system would be agnostic to the environment within which it

is deployed. In the previous section, we have introduced the BCSI

vector which contains the backscatter channel phase, backscatter

channel amplitude, and the change in baseline excitation level. This

vector is denoted as follows:

h(t) = [θBC AB ∆AE ] . (6)

In order to perform activity recognition, the Tx tag sends out the

MPP signal continuously for a few cycles. For each cycle t, the Rx

tag computes the BCSI vector h(t). These continuous BCSI sam-

ples are then conveyed to an analytic center for processing. Here the

individual components of the BCSI are parsed for certain dynamic

variation patterns. Such patterns in each component jointly form an

event signature which is used to classify the detected event. It is

important to note here that all analytics and event recognition is per-

formed based on the dynamic variation patterns in the BCSI vector

components and not their absolute value. This results in the follow-

ing vital invariance properties of the system which greatly enhance

its robustness and use in practical situations:

1. Invariance w.r.t. changes in the deployment environment:

Changes in the deployment environment such as static objects

and clutter does not require retraining of the system.

2. Invariance w.r.t. to human subjects: Event recognition per-

formance remains the same for different humans irrespective

of the physical size and shape of the subject compared to the

subject used for training the system.

3. Invariance w.r.t. to location within the deployment enviro-

ment: Since the proposed system will inherently have a dense

deployment of tags, and because tag-to-tag links are short

range, the system can recognize events in all areas within the

deployment zone given sufficient coverage of tags.

4. Invariance w.r.t. to different deployment locations: Once the

system is deployed and trained, it can be deployed in the same

constellation in a totally different environment and will per-

form identically without requiring retraining.

5. EXPERIMENTAL RESULTS

5.1. Prototype Tag

The modular tag prototype that enables collection of the BCSI vec-

tor data for passive channel estimation and activity recognition has

been fabricated [19]. The tag itself includes a single dipole antenna

on a separate printed circuit board (PCB) and uses discrete compo-

nent architectures for the modulator and demodulator implementa-

tion for tag-to-tag communication. The modulator design includes

an RF switch which accommodates ten different reflection phases.

The demodulator consists of a passive envelope detector followed by

a low-pass filter. The control is implemented on a low-power micro-

controller (TI MSP 430). For measurement of BCSI, the envelope

detector output is connected to a PCB with high-resolution 16-bit

80 kbps ADC that enables data logging of the envelope signal and

off-line computation of the BCSI vector. The exciter is implemented

using a software radio BladeRF [20] and open source software [21].

The exciter emits a CW signal at 915 MHz. The BladeRF is con-

nected to a 9 dBi circularly polarized antenna [22].

5.2. Experimental Setup

We have conducted an initial study in which we evaluated the pro-

posed technique for activity recognition [19]. We have collected

training and testing samples for 9 participants that performed 10 dif-

ferent daily activities in a lab setting. The activities are grouped into

8 classes: 1) brushing, 2) falling, 3) running, 4) no activity (person

is either sitting or standing still), 5) sitting down from standing po-

sition, 6) standing up from seating position, 7) walking, 8) waving

(person is either sitting or standing while waving). The outline of

the used 9 m × 9 m room, along with the positions of the RF exciter,

Tx tag and four Rx tags and the selected four positions of the subject

performing the activity is shown in Fig. 3. The exciter power is set

at 15 dBm and the transmitter transmits at different ten phases. The

sampling time of the collection of BCSI information is 50 ms and the

data is recorded for 2.5 s from the start of the activity. Each subject

repeated 5 times each activity in each of the four depicted locations

in Fig. 3.

5.3. Estimating AB and θBC

Each activity is captured in a duration of 2.5 seconds using 50 trans-

missions. For each transmission, we have observations of the ampli-

tudes for a set of fixed phases, from which a sinusoid function that is

characterized by its phase and amplitude can be estimated with stan-

dard signal processing techniques. The resolution can be improved

if we have more observations.

5.4. Invariance

Each activity experiment is encoded by the dynamics of the BCSI

vector. In this subsection, we show that the information encoded,

not only captures the signatures of different activities, but also is

invariant w.r.t. location, changes in deployment environment and

human subject. To better visualize the similarities, we only compare

the dynamics of AB since the similarities in the dynamics of θBC

and ∆AE need re-scaling, reversing and shifting to be seen.
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